Measurements of electron impact ionization of neutral Al, Ga, and In show large cross sections compared to other elements in the same rows of the periodic table. Semiempirical and classical calculations of direct ionization cross sections are all substantially smaller. Calculations by McGuire ͓Phys. Rev. A 26, 125 ͑1982͔͒ for aluminum that include excitations to autoionizing 3s3p 2 doublet levels are 2.5 times higher than experiment at the peak. We report the direct ionization cross sections based on the binary-encounter-Bethe model of Kim and Rudd ͓Phys. Rev. A 50, 3954 ͑1994͔͒, which is an ab initio theory. We add the autoionization contribution using scaled plane-wave Born cross sections as recently developed by Kim ͓Phys. Rev. A 64, 032713 ͑2001͔͒ for excitations to the first set of autoionizing levels. Dirac-Fock wave functions are used for the atomic structure. Our results are in excellent agreement with experimental values and support substantial contributions from excitation-autoionization to the total ionization cross sections for these elements. We also compare the total ionization cross section of boron to available theories, though no experimental data are available.
I. INTRODUCTION
The latest measurement of electron-impact ionization of neutral aluminum shows a rather large cross section, especially compared with cross sections of other elements in the same row of the periodic table ͓1͔. Existing theoretical calculations have not agreed well with these measurements. The semiempirical formula of Lotz ͓2͔ underestimates the peak value by more than 40%. The DM formalism of Margreiter et al. ͓3͔ , which is a modification of Gryzinski's classical formula ͓4͔ with empirical parameters, shows better agreement at the peak but is too small at incident electron energies between the threshold and the peak. The plane-wave Born ͑PWB͒ calculation of McGuire ͓5͔ is much too large in the peak region and remains higher than experiment even at high energies. Mann ͓6͔ estimated peak cross sections using the mean square radius ͗r 2 ͘ of the target orbitals calculated from Hartree-Fock wave functions. His peak cross section is too small by a factor of two. The situation is similar for neutral Ga, the next element in the same column of the periodic table. Measurements by Shul et al. ͓7͔ and more recently by Patton et al. ͓8͔ agree with each other within 30%, but their cross sections are large compared to calculated values from the Lotz and the DM formulas. Indium is also similar. The cross section calculated from the DM formalism is smaller than the experimental results ͓1͔ by more than 30% between the threshold and the peak.
Several autoionizing levels-mainly nsnp 2 doublet levels-contribute significantly to the measured total ionization cross sections for these atoms. These levels lie several eV above the ionization limit, are easily excited by electron impact from the ground level, and decay almost entirely by autoionization. McGuire ͓5͔ has estimated the contribution of these autoionizing levels for Al using PWB cross sections for the primary electrons involved in both direct ionization and autoionization, but his cross sections are much too large, mostly because of the well-known limitations of the PWB approximation and the inadequate target wave functions he used.
Three decades ago, Peach ͓9͔ recognized the importance of excitation-autoionization of inner-shell electrons in her paper on the electron-and proton-impact ionization of neutral atoms. However, her emphasis was on the complete removal of the ns electron resulting in an excited ion in the nsnp 3 P or 1 P level. Her results cannot be compared to the present paper because our cross sections are for the production of an ion in its ground level, ns 2 1 S. We have used the binary-encounter-Bethe ͑BEB͒ model of Kim and Rudd ͓10͔ to calculate the direct ionization cross sections of B, Al, Ga, and In. To calculate the excitationautoionization cross sections, we used the scaling methods recently developed by Kim ͓11͔ for plane-wave Born ͑PWB͒ cross sections. We used both uncorrelated and correlated Dirac-Fock wave functions for the target atoms. When applicable, we estimated and applied the branching ratios of these excited levels for autoionization versus fluorescent decay.
The BEB cross sections for the direct ionization and the scaled PWB cross sections for the excitation-autoionization are easy to generate in contrast to other computer-intensive theories such as the R-matrix method ͓12͔, the convergent close-coupling ͑CCC͒ method ͓13͔, the time-dependent close-coupling method ͓14͔, and the complex scaling method ͓15͔. Some of these theoretical methods generate a complete set of cross sections, e.g., elastic, discrete excitation, and ionization including both angular distributions and integrated cross sections. The price for the complete information is the long time required even with the most powerful computers and, more importantly, limited applicability to targets with complex valence shell structures and heavy atoms.
On the other hand, the BEB method ͓10͔ generates direct ionization cross sections for any neutral atom ͑or molecule͒ using an analytic formula that requires only the data from ground-state wave functions, i.e., the orbital binding-energy B, orbital kinetic-energy Uϭ͗p 2 /2m͘, and the orbital electron occupation number N for each orbital in the target. This method has been successfully applied to dozens of neutral molecules, H, He, and Xe ͓16 -18͔.
In a recent article ͓11͔, it was shown that two simple scaling methods could convert PWB excitation cross sections into reliable cross sections comparable to the most accurate theoretical or experimental data available for dipole-allowed excitations. These methods use PWB cross sections calculated from uncorrelated wave functions, and the scaling requires only the binding energy B of the electron being excited, the excitation energy E, and accurate dipole oscillator strength f, or the f value, if electron correlation strongly affects the f value. Again, because of its simplicity, these scaling methods can be used for dipole-allowed excitations of light and heavy atoms, such as H, He, Hg, and Tl ͓11͔.
The goal of the present paper is to demonstrate that the combination of the BEB model for direct ionization and the scaled PWB cross sections for excitation-autoionization produces total ionization cross sections of many atoms reliable in both magnitude-Ϯ15% or better at the peak-and shape from the ionization threshold to a few keV in the incident electron energy. The theoretical methods we have used are summarized in Sec. II, and the calculated cross sections are compared to existing experimental and theoretical data in Sec. III. Our conclusions are presented in Sec. IV.
II. THEORY
The valence structure of the ground state of the atoms in the Group IIIB column headed by boron is given by ns 2 np 2 P. Excitation of the ns electron into np results in the nsnp 2 4 P, 2 D, 2 S, and 2 P levels. The ns -np excitation cross sections by electron impact are very large because they are dipole allowed and the initial and final states belong to the same shell with good overlap of the radial functions. In addition, the Group IIIB atoms have two ns electrons versus one np electron, thus making the autoionization contribution more conspicuous than the atoms in other columns of the periodic table.
Of the excited levels, the 4 P level does not contribute to autoionization because it is in the discrete spectrum for all atoms in the Group IIIB column. Some of the doublet levels, however, lie in the continuum of the direct ionization of the valence np electron. The continuum channels for the direct ionization of the np electron resulting from the dipole interaction has the 2 S and 2 D character. Hence, the nsnp 2 2 D and 2 S levels autoionize rapidly through the Auger process because the parity, spin, and orbital angular momenta match. On the other hand, the nsnp 2 2 P level is expected to be slow to autoionize because the parity does not match with the 2 P direct ionization channel. We checked the branching ratios of these autoionizing levels by comparing their autoionization and fluorescence rates-the Einstein A coefficientscalculated from Dirac-Fock wave functions as will be discussed later.
For boron, only the 2s2p 2 2 P 1/2 and 2 P 3/2 levels are above the first ionization threshold while the other doublet levels are in the discrete spectrum. For aluminum, the 3s3 p 2 2 D level is not observed as it mixes strongly with the bound 3s 2 nd 2 D Rydberg series ͓19͔. The 3s3p 2 2 S 1/2 , 2 P 1/2 , and 2 P 3/2 levels are in the continuum above the first ionization threshold and together they contribute nearly as much to Al ionization by autoionization as direct ionization. For Ga, In, and Tl, the nsnp 2 doublet levels are all in the continuum and contribute heavily to the total ionization cross section.
In addition to the autoionization of the nsnp 2 doublet levels, infinitely many autoionizing levels result from the excitation of the ns electrons to ml ͑e.g., 3d, 4p, etc. for Al͒. These levels together, however, contribute 5% at the most to the total ionization cross section, far less than the nsnp 2 doublet levels, as we shall demonstrate for aluminum. We have not included these minor autoionization channels for B, Ga, and In because, as stated earlier, our goal is to generate total ionization cross sections with an overall reliability of Ϯ15% or better at the peak. In the remainder of this section, we briefly outline the theoretical models we have used to calculate cross sections for the direct ionization and autoionization.
A. Binary-encounter-Bethe model
The BEB model is a simplified version of the more detailed binary-encounter-dipole ͑BED͒ model developed by Kim and Rudd ͓10͔. The BED model combines a modified form of the Mott cross section ͓20,21͔ with the Bethe theory ͓22,23͔. The BED model starts with a singly differential cross section, or the energy distribution of secondary (ϭejected) electrons, and requires the continuum oscillator strength, d f /dE, where E is the excitation energy to the continuum, for each atomic orbital. The orbital cross sections are summed to get the energy-differential ionization cross section for the entire atom. To cover a wide range of the incident electron energy T, the BED model requires d f /dE for each orbital to a few hundred eV in E.
The 
where Sϭ4a 0 2 N(R/B) 2 , tϭT/B, uϭU/B, a 0 ϭ0.529 Å ͑Bohr radius͒, and Rϭ13.61 eV ͑Rydberg energy͒. Although all input data needed in Eq. ͑1͒ can be obtained from the ground-state wave function, we use the experimental ionization energy for B for the valence electron because theoretical ionization energies rarely match the thresholds observed in ionization experiments.
The total ionization cross section is the sum of Eq. ͑1͒ over the orbitals of the target atom or molecule. Inner shell orbitals beyond the first few outer shells usually contribute little to the total ionization cross section because of their large binding energies.
We have obtained U and B for each orbital from DiracFock wave functions ͓25͔. A modification has been introduced into Eq. ͑1͒ to reduce uϩ1 in the denominator for atomic orbitals with nу3, where n is the principal quantum number. In earlier applications of the BEB model, Hwang et al. ͓26͔ found that the cross section is reduced too much by the uϩ1 term for these orbitals because the kinetic energy of valence orbitals with many radial nodes becomes high ͑e.g., Uϭ79.74 eV, Bϭ12.56 eV for Xe 5p). The denominator tϩuϩ1 on the right-hand side of Eq. ͑1͒ is therefore replaced by tϩ(uϩ1)/n when nу3. The reduction of uϩ1 is also consistent with the BE-scaling of the PWB cross sections discussed in Sec. II B.
B. BE scaling of plane-wave Born cross sections
A PWB cross section for electron-impact excitation has the form:
where F PWB (T) is the collision strength ͑different from the standard definition by a multiplicative constant͒. The BE scaling replaces the T in the denominator on the right-hand side of Eq. ͑2͒ by TϩBϩE, i.e.,
where E is the excitation energy as defined earlier.
The replacement of T by TϩBϩE, or adding a constant to T, is similar in spirit to the Burgess scaling ͓21,27͔ used in Eq. ͑1͒, where T in the denominator on the right-hand side was replaced by TϩBϩU, which is tϩuϩ1 in the threshold unit used in Eq. ͑1͒. Comparing the Burgess scaling in Eq. ͑1͒ to the scaling in Eq. ͑3͒ indicates that U plays the role of an average excitation energy for ionization. Note that the total ionization cross section described by Eq. ͑1͒ implies integration over the kinetic energy of an ionized electron, i.e., integration over energy transfers from the incident electron. Hence, U acts as a weighted average of the energy transfer from the incident electron to the ionized electron. This average energy transfer decreases as the principal quantum number of the bound electron increases because its binding energy decreases. This is consistent with the finding by Hwang et al. ͓26͔ that it is necessary to reduce UϩB, or u ϩ1 in the threshold unit, in Eq. ͑1͒ for valence electrons with high principal quantum numbers, as was described in Sec. II A.
Kim has shown many examples ͓11͔ in which the BE scaling by itself or in combination with the f scaling described below transformed PWB cross sections for dipoleallowed excitations into very reliable cross sections comparable to the CCC cross sections or highly accurate experiments. The BE scaling not only changes the magnitude but also the shape of the original PWB cross sections. The reason for the success of the BE scaling is not clear at present.
C. f scaling of plane-wave Born cross sections
Application of any collision theory to atoms with more than one bound electron must use approximate wave functions. The f value for a dipole-allowed transition is an atomic property sensitive to the accuracy of the wave functions used. Hence, it is natural to attempt to use f values to generate electron-impact cross sections, though the f value itself is used to determine photoabsorption cross sections. The Gaunt factor method ͓28͔ is an example, where known f values are used and the focus of the method is to find matching collision strengths.
In contrast, the f scaling proposed by Kim ͓11͔ retains the PWB collision strength F PWB (T) defined in Eq. ͑2͒ without any change. Instead, the entire cross section is multiplied by the ratio of an accurate f value to the less accurate f value calculated from the single configuration wave functions used to generate the unscaled PWB cross sections. Since our goal is to generate ionization cross sections of modest accuracy, it is more efficient to take advantage of accurate f values if they are available from other sources, rather than divert our attention to the generation of highly accurate wave functions. The f scaling is defined by
where f is the f-scaled cross section; f mc stands for an f value calculated from correlated, or multiconfiguration, wave functions; f sc signifies an f value calculated from simple, or single configuration, wave functions; and PWsc is the PWB cross section obtained from single-configuration wave functions from which f sc was calculated. An accurate experimental f value could be used in place of f mc . The BE scaling and f scaling may be applied consecutively
Examples of successful applications of BEf can be found in Ref.
͓11͔. The BE and f scalings provide powerful means to convert PWB cross sections calculated from simple wave functions into highly accurate excitation cross sections with three atomic parameters B, E, and f value that in principle, can all be calculated from accurate wave functions. In reality, however, experimental values of the first ionization energy, most discrete excitation energies, and accurate f values for some transitions of neutral atoms are readily available ͓29͔.
III. RESULTS AND DISCUSSION
The present theoretical cross sections for the production of singly charged ions of B, Al, Ga, and In are shown in Figs. 1-4 with representative error limits for the quoted experimental data. The theoretical cross section curves for direct ionization and for direct plus autoionization in the figures clearly show that autoionization almost doubles ionization cross sections for these elements. The atomic parameters used in the present paper are listed in Table I . The resulting counting cross sections for direct and indirect ionization are listed in Tables II-V . We have included all bound electrons whose binding energies are less than 10 keV in the calculation of direct ionization cross sections using the BEB model. Some older experimental data on Al, Ga, In and Tl by Shimon et al. In addition to the contributions from excitationautoionization, the creation of inner-shell holes results in the production of multiply charged ions. Some experiments detect the charge state of ions produced, while others simply measure the total ion current. The simple sum of the cross sections for the production of ions with different charge states is known as the counting ionization cross section, while the ion current measurement is known as the gross ionization cross section:
where (qϩ) is the cross section for producing an ion with charge qϩ. Since the BEB model calculates direct ionization cross sections for individual orbitals, we can estimate multiple ionization cross sections by assuming an inner-shell hole would FIG. 2. Ionization cross section of Al. All cross sections are for the production of singly charged ions only, except for the total gross ionization cross section, Eq. ͑7͒. Direct ͑short-dashed curve͒ ϭ direct ionization, present paper; Total ͑solid curve͒ ϭ direct ionization plus excitation-autoionization, present paper; Total, gross ͑dot-dot-dot-dashed curve͒ ϭ gross ionization, present paper; lead to a succession of Auger process resulting in the production of a multiply charged ion. For instance, we can assume a 2s or 2p hole in Al will eventually produce a doubly charged ion, and hence, we can double the L-shell ionization cross section to obtain gross . In reality, some inner-shell vacancies may decay through fluorescence. The branching ratio between the decay by autoionization and by fluorescence is known as the fluorescence yield, and it is a major task to calculate reliable fluorescence yield. Doubling the L-shell ionization cross section as we have done for Al will give an upper limit.
The last columns in Tables II-V list trigger Auger processes that produce doubly or triply charged ions. For example, a 3p hole in Ga should provide enough energy ͑see Table I͒ to produce a triply charged ion through successive Auger transitions. The 3p hole can also produce doubly charged ions, or decay by fluorescence. Detailed analysis of branching ratios of these competing processes is beyond the scope of the present paper.
With the same kind of reasoning, we can determine ionization cross sections for producing a singly charged ion by adding cross sections only from orbitals whose binding energies are low enough not to produce multiply charged ions through Auger transitions into the inner-shell holes created. The total ionization cross sections shown as solid curves in Figs. 1-4 are for the production of singly charged ions only. Such cross sections are calculated by summing cross sections only from the outer orbitals with the highest principal quantum numbers.
A rigorous treatment of the excitation-autoionization contributions would have mixed the amplitude of the underlying direct ionization channel with the amplitudes of the excitation-autoionization channels. This type of mixing could lead to constructive or destructive interference between the two amplitudes, thus producing resonances. A simple sum of the direct ionization and autoionization cross sections as we have done amounts to assuming fully constructive interference resulting in no resonances.
The DM formalism by Margreiter et al. ͓3͔ is a semiempirical expression with constants determined by fitting to experimental data for ionization of a large number of atoms. The DM formalism does not distinguish excitationautoionization from direct ionization, and therefore, cannot effectively describe cross sections when autoionization is large. As expected, the Lotz cross sections are close to the direct ionization cross sections, but fails to account for the contributions from excitation-autoionization.
Freund et al. ͓1͔ prepared target atoms by neutralizing ions by charge transfer, which often produced neutral atoms both in their ground state as well as in metastable states that have the same electron configuration as the ground state. For the Group IIIB atoms, some fraction of the target atoms must have been in the ns 2 np 2 P 3/2 level instead of the 2 P 1/2 level. The energy resolution of the incident electron beam used by Freund et al. was 0.7 eV at full width half maximum, which is more than twice the fine-structure splitting in the ground state of indium. The sum of the direct and indirect ionization cross sections for light atoms are not expected to be affected by the fine structure because the two levels are very close. For heavier members, however, small difference may develop because the fine-structure splitting is discernible-0.27 eV for In, for instance-and a new autoionizing level, nsnp 2 2 D 5/2 , can be reached by dipole interaction from the 2 P 3/2 metastable level, but not from the 2 P 1/2 ground level. We calculated both direct and indirect ionization cross sections from the metastable level, and found practically no difference for boron as expected. The peak values of the ionization cross sections from the metastable levels of other atoms were slightly higher than those from the ground levels, reaching a maximum difference of approximately 4% for indium. Hence, we conclude that the presence of metastable target atoms would not have seriously affected experimental data for the Group IIIB atoms by Freund et al. ͓1͔ . This is not true of other atoms such as phosphorus according to Freund et al. ͓1͔ .
A. Boron
For boron, only the 2s2 p 2 2 P 1/2 and 2 P 3/2 levels are above the first ionization threshold, and the solid curve in Fig. 1 is the sum of the direct ionization ͑includes all bound electrons͒ represented by the short-dashed curve and autoionization from these excited states. To obtain accurate f values for the f scaling of the 2s 2 2 p 2 P 1/2 -2s2 p 2 2 P 1/2 , and 2 P 3/2 excitation cross sections ͑Table I͒, we used multicon- Table I are about 4% larger than the values adapted by Verner et al. ͓33͔ from the Opacity Project data. We used our own f mc values to be consistent with the autoionization rates we calculated to determine the branching ratios for fluorescent decay of the autoionizing levels. Using the f values from the Opacity Project ͑0.390 and 0.195 for the excitations to the 2 P 1/2 and 2 P 3/2 levels, respectively͒ would have reduced the peak value of the solid curve in Fig. 1 by a few percent. The branching ratios for autoionization calculated from these MCDF wave functions are 99.8% for the 2 P 1/2 autoionizing level and 99.5% for the 2 P 3/2 autoionizing level.
In addition to the Lotz and DM cross sections, Fig. 1 also includes the total ionization cross section recommended by Moores ͓34͔ , who scaled the cross sections for isoelectronic ions. All theoretical data presented in Fig. 1 include direct ionization of all target electrons. Earlier, Stingl ͓35͔ reported Coulomb-Born cross sections that included exchange effect between the incident and target electrons for B, C ϩ , N ϩϩ , and O 3ϩ . The Stingl data ͑circles͒ in Fig. 1 include the direct ionization of both the 2p and 2s electrons but not the excitation-autoionization of the 2s electrons. For neutral boron, Stingl used plane waves instead of Coulomb waves. Her results are clearly too high compared to our data and those by Moores for direct ionization, both of which include contributions from the 2p and 2s electrons.
B. Aluminum
The autoionizing levels that we have included for Al are the 3s3 p 2 2 S 1/2 , 2 P 1/2 , and 2 P 3/2 levels. The 3s3 p 2 2 P 1/2,3/2 levels of Al are known to autoionize much faster than to decay by fluorescence ͓36͔ even though different parities reduce the autoionization rate, as was mentioned earlier. As can be seen from Table III, the two autoionizing 2 P 1/2,3/2 levels contribute four to seven times as much to the total ionization cross section as the autoionizing 2 S 1/2 level. As was mentioned earlier, the 3s3 p 2 2 D 3/2,5/2 levels are not observed above the ionization limit in Al, but are instead mixed with the 3s 2 nd bound states of the neutral atom ͓19͔. The effect of fluorescent decay was estimated using the branching ratios calculated from the autoionizing and fluorescent decay rates with the MCDF wave functions mentioned below. The branching ratios so obtained for ionization from the 3s3p 2 2 P J levels are 0.882 for Jϭ1/2 and 0.933 for Jϭ3/2. The autoionization branching ratio for the 2 S 1/2 level calculated from the MCDF wave functions is very close to unity. The order of magnitude of our fluorescent decay rates are in agreement with those used by Lombardi et al. ͓36͔ to deduce experimental autoionization rates from observed line widths of the 3s3 p 2 2 P levels. Our theoretical autoionization rates are 1.4ϫ10 10 sec Ϫ1 and 2.6ϫ10 10 sec Ϫ1 for the 2 P 1/2 and the 2 P 3/2 levels, respectively, while the corresponding values reported by Lombardi et al. are 4.0Ϯ0.4 ϫ10 10 sec Ϫ1 and 0.87Ϯ0.11ϫ10 10 sec Ϫ1 . We used our theoretical values to be consistent with the rest of our cross sections.
The f mc values for the f scaling of the 3s 2 3p 2 P 1/2 -3s3p 2 2 S 1/2 , 2 P 1/2 , and 2 P 3/2 excitation cross sections ͑Table I͒ were calculated from MCDF wave functions equivalent to the nonrelativistic configurations 3s 2 3 p ϩ3p 3 ϩ3p3d 2 ϩ3s3p3d for the ground state and 3s3 p 2 ϩ3p 2 3dϩ3s3d 2 ϩ3d 3 for the excited states. The f values adapted by Verner et al. ͓33͔ from the Opacity Project data are about 7 to 17 % lower than the f mc values in Table I . Using the f values from the Opacity Project ͑0.531 and 0.266 for the excitations to the 2 P 1/2 and 2 P 3/2 levels, respectively͒ would have reduced the peak value of the solid curve in Fig.  2 by about 3%. The sum of these excitation-autoionization cross sections, both scaled and unscaled, are compared in Fig. 5 , to demonstrate dramatic reduction of the unscaled PWB cross sections through the BE and f scaling. Reductions of this magnitude were also common in resonance transitions of alkali metals and alkaline-earth elements ͓11͔. This undoubtedly contributed to the sizable overestimate by McGuire ͓5͔, which was based on unscaled PWB approximation.
Plane-wave Born cross sections for excitations to 10 levels from the 3s3 p3d configuration and 13 levels from the 3s3p4 p configuration were calculated with configurationaveraged Dirac-Fock wave functions to estimate the magnitude of their contributions to autoionization. Scaling was not applied to the PWB cross sections for the 3s3 p3d excitations because they are dipole-forbidden excitations, and it is known that PWB cross sections underestimate such cross sections ͓37͔ by as much as a factor of two. In this case, scaling would introduce more errors. The BE-and f-scaled PWB cross sections were used for the dipole-allowed excitations to the 3s3 p4 p levels. The total contribution from the 3s3p3d and 3s3 p4 p excitations calculated in this way amounted to 4% for the former at the cross-section peak and less than 1% for the latter. The solid curve in Fig. 2 include these additional contributions. The ''bulge'' in the experimental data in Fig. 2 between Tϭ10 and 20 eV is most likely from the autoionization of higher-excited levels we have not accounted for, and to some extent, the failure of the unscaled PWB cross sections we have used for the 3s3p3d excitations.
The curve marked ''Total, gross'' in Fig. 2 ͑visible at T Ͼ200 eV) represents our estimate of the gross ionization cross section, indicating that the production of multiply charged ions is not significant for Al.
C. Gallium
For Ga, all doublet levels from the 4s4 p 2 configuration, 2 D 3/2 , 2 D 5/2 , 2 S 1/2 , 2 P 1/2 , and 2 P 3/2 levels, are above the first ionization threshold. However, the 2 D 5/2 excited level cannot be reached from the ground level 4s 2 4p 2 P 1/2 by a dipole-allowed excitation. Instead, it is a magneticquadrupole transition because it requires ⌬Jϭ2 and parity change. Accordingly, electron-impact excitation cross section to the 2 D 5/2 level is extremely small, and we excluded it from our calculation. As was mentioned earlier, however, the 2 D 5/2 level can be reached by a dipole-allowed excitation from the metastable ground level, 4s 2 4 p 2 P 3/2 . This transition is strong as expected, but the excitation to the 2 D 3/2 level decreases sharply, making the sum of the two cross sections comparable to the excitation from the ground state to the 2 D 3/2 level. According to Patton et al. ͓8͔ , their target atoms were all in the normal ground level. Since the target atoms in the experiment by Shul et al. ͓7͔ were produced by charge transfer to Ga ϩ , their target atom beam must have contained some metastable Ga atoms. The experimental cross section, however, is unlikely to have been affected by the presence of metastable targets as was explained earlier.
Accurate f values used for the f scaling ͑Table I͒ were calculated from MCDF wave functions similar to those used for Al. The autoionization branching ratios calculated from these MCDF wave functions all exceeded 99%.
The detailed experimental data for Ga by Patton et al. ͓8͔ show a structure just above the threshold at about 7.5, 10, and 14 eV. Similar structure is present in the data by Shul et al. ͓7͔ though it is not as pronounced. These energies correspond to the threshold for excitation to autoionizing levels of Ga. In particular, the first set of autoionizing levels are at FIG. 5 . Comparison of unscaled and scaled plane-wave Born cross sections for Al. PWB, unscaled ͑dashed curve͒ ϭ sum of unscaled PWB cross sections for autoionizing excitations; PWB, scaled ͑solid curve͒ ϭ sum of scaled PWB cross sections for autoionizing excitations. Branching ratios for autoionization and fluorescence have also been applied to the scaled Born cross sections.
6.67, 7.70, and 8.2 eV above the ground level, overlapping the first element of structure in the Patton data. These are precisely the autoionizing levels that have been included in our calculations. We do not observe, however, the structure clearly visible in the data by Patton et al., though our cross sections are increased significantly at higher energies by the presence of these levels. This is consistent with excitation cross sections for the dipole-allowed transitions reaching their peak values at energies that are much higher than the threshold energy and not contributing significantly at threshold.
Excitations to the 4s4 pnp levels of Ga for nу5 are small because of the higher principal quantum numbers. Our calculation for excitations to the 4s4p5p levels is only 0.6% of the cross sections for the excitation to the 4s4 p 2 levels at the peak. Excitations to the 4s4 p4d levels are also small ͑2.3% at the peak͒ because these levels are dipole-forbidden transitions as in the case of Al. We did not include these excitations to higher levels in the solid curve shown in Fig. 3 because we estimate that altogether they will contribute about 4% or less at the peak. In spite of these simplifications, our total ionization cross section in Fig. 3 
D. Indium
As is the case for Ga, all doublet levels, 2 D 3/2 , 2 D 5/2 , 2 S 1/2 , 2 P 1/2 , and 2 P 3/2 from the 5s5p 2 configuration are autoionizing ͓38͔. Excitation to the 2 D 5/2 level was omitted because it was very small as was explained for Ga. Again, Fig. 4 demonstrates that the DM and Lotz cross sections are too low, while our total ionization cross section agrees well with the experiment by Shul et al. ͓7͔ . The shape of the data by Shul et al. ͓7͔ for both Ga and In at TϾ100 eV in Figs. 3 and 4 suggests some experimental difficulties. This discrepancy in the cross section shape at TϾ100 eV between the BEB cross sections and those measured by the Bell Laboratories group ͑e.g., Freund et al. ͓1͔͒ is observed in many targets, including some molecules ͓16͔. All autoionization branching ratios calculated from MCDF wave functions similar to those used for Al are practically unity.
E. Autoionization in Other Atoms
As the preceding examples have indicated, a core-excited level contributes significantly to autoionization when all of the following conditions are met in addition to the obvious requirement that the excited level should lie above the first ionization limit:
͑a͒ the core electron being excited should have the same principal quantum number as the valence electron, and the excited levels of the core electron should also have the same principal quantum number;
͑b͒ the excitation should be spin and dipole allowed; and ͑c͒ the branching ratio of the excited level between autoionization and fluorescent decay should be strongly in favor of the former.
For example, these conditions are met by the 2s2 p 3 3 S level of carbon, because the ground level is also a triplet, 2s 2 2 p 2 3 P. Other 2s2 p 3 levels above the first ionization limit are singlets, thus violating condition ͑b͒. Our preliminary results on carbon indicate that about 14% of the peak ionization cross section comes from the autoionization of the 3 S level.
In contrast, atoms in the Group VB headed by nitrogen are not subject to strong excitation-autoionization because the ground level, ns 2 np 3 is 4 S, while the only quartet level from the nsnp 4 configuration is 4 P, which lies below the first ionization limit. On the other hand, ionization of metastable atoms in this group will be increased by excitationautoionization to nsnp 4 doublet levels. Oxygen will have a discernible autoionization contribution from the 2s2 p 5 3 P level, which has the same spin as the ground level, 2s 2 2 p 4 3 P. Similarly, fluorine is expected to have an autoionization contribution from the 2s2p 6 2 S level. The fact that an atom that heads a column in the periodic table has strong autoionization is not a guarantee that heavier atoms in the same column would also have strong autoionization. For example, the 3s3 p 5 3 P level of sulfur and the 4s4 p 6 2 S level of bromine lie below the first ionization limit, indicating the need to examine each atom carefully, including condition ͑c͒ and the possibility of the excited state losing its identity through strong mixing with a Rydberg series in the discrete spectrum, as was the case for the 3s3p 2 2 D level of aluminum.
Heavier alkali metals ͑K, Rb, Cs, Fr͒ and alkaline-earth elements ͑Ca, Sr, Ba, and Ra͒ are also likely candidates because excitations of the core np electrons to the nd states should contribute significantly to autoionization, as was shown for Rb ͓39͔. The theoretical total ionization cross section of Rb in Ref. ͓39͔ may be improved by applying the BE and f scalings of PWB cross sections used in this article.
IV. CONCLUSIONS
It is clear that autoionization contributes about as much to the total ionization of boron, aluminum, gallium, and indium as does direct ionization. It is also clear that the first set of autoionizing levels (nsnp 2 ) accounts for nearly all the autoionization ͑where nϭ2 for B, nϭ3 for Al, nϭ4 for Ga, and nϭ5 for In͒. Accurate results are obtained using the BEB cross sections for direct ionization and scaled Born cross sections for excitations to the autoionizing levels.
Although indirect ionization processes such as excitationautoionization are a common occurrence, it is unusual in neutral atoms to have the indirect process contribute almost as much as the direct ionization cross section. As was explained earlier, excitation-autoionization may have significant contributions to the total ionization cross sections whenever all conditions listed in Sec. III E are met. Some of the atoms that satisfy such conditions but not included in the present paper are C, O, F, heavy alkali metals, heavy alkaline-earth elements, and Tl.
The comparisons with available experimental data are clear examples of the validity of the BE and f scaling of PWB cross sections. The unscaled Born cross sections need not be produced from highly correlated wave functions. As long as accurate matching f values are available, Born cross sections from uncorrelated Hartree-Fock or Dirac-Fock wave functions should be sufficient.
Cross sections for ionizing Group IIIB atoms in the metastable ns 2 np 2 P 3/2 level are only slightly higher than the cross sections from the ground level. Hence, the experimental data by Freund et al. ͓1͔ and by Shul et al. ͓7͔ would not have been affected by the amount of metastable atoms in their target beams.
The present combination of the BEB model for direct ionization and scaled Born cross sections for excitation autoionization can generate electron-impact ionization cross sections of modest accuracy (Ϯ15% or better at the peak͒ with reliable overall dependence on the incident energy for a wide range of neutral, open-shell atoms. The present method provides ionization cross sections suitable for many applications, such as modeling of fusion plasmas, semiconductor fabrication, astrophysics, and mass spectrometric study of materials including high-temperature mass spectrometry, while using orders of magnitude less computing resources than other theories that can assure comparable accuracy. At present, however, most such theories are not mature enough to handle heavy atoms such as In, for which relativistic wave functions are desirable to distinguish the fine structure in the target.
